The stem pulvinus of maize is a disc-shaped tissue that is located above each stem node and has a specific role in both gravity perception and the bending response (Collings et al., 1998; for review, see Kaufman et al., 1987 Kaufman et al., , 1995 . When the stem is placed horizontally, amyloplast sedimentation occurs in bundle sheath cells, and a growth response follows characterized by cell elongation specifically within the pulvinal cells, causing the stem to bend upwards. Pulvinal cells retain the capacity to elongate in the presence of an appropriate stimulus even after the surrounding tissue has fully differentiated, allowing the normal growth responses to be spatially and temporally separated from those induced by changes in the gravity vector (Collings et al., 1998). These properties make the maize pulvinus an ideal system to investigate biochemical (Winter et al., 1997; Perera et al., 1999), structural, and physiological changes at the cellular level (Collings et al., 1998) during gravitropism.
In this study, we focused on early gravity-induced responses and monitored pHc changes in pulvinal cell regions after rotation on a horizontally mounted confocal microscope using the ratiometric pH indicator carboxy seminaphtorhodafluor acetoxymethyl ester acetate (SNARF-1 AM). We compared the responses of amyloplast-containing bundle sheath cells with those of parenchyma cells to find out whether pHc changes similar to those found in Arabidopsis root cells occur and whether they are associated with the cells that perceive the gravity stimulus. Furthermore, we dissected the pHc responses of base and side regions (relative to the gravity vector) of the stimulated cells and compared cells that exhibited amyloplast sedimentation with those that did not. That pHc changes were most pronounced in cells in which there was net amyloplast sedimentation, with these changes confined to specific sites within these cells, is discussed in light of current models for the mechanism of gravity perception and the rising importance of pHc as a messenger in cellular signaling.
RESULTS

Specimen Preparation and Dye Loading
The pulvinus is a region of cells found between the differentiated node and elongated cells of the internode. The unelongated pulvinal cells surrounding the vascular strands are of two types. Several layers of bundle sheath cells occur immediately adjacent to the vascular tissue. Potassium iodide staining confirms that these cells contain starch-filled amyloplasts, and that these plastids are effectively confined to the pulvinus (Fig. 1, A-C) . Surrounding the bundle sheath are numerous files of ground parenchyma.
To measure cytosolic pH (pHc) in maize pulvinal cells, both before and after gravistimulation, we investigated several specimen preparation protocols. Two methods proved satisfactory for imaging on a sideways-mounted microscope. In the first method, mild enzymatic digestion of cell wall material resulted in the isolation of long files of healthy cells that showed vigorous cytoplasmic streaming. These files could either be parenchymal cells or amyloplast-B . Figure 2 , A through C, was a relatively rare event, seen in only two out of 15 independent rotations. The second specimen preparation method involved taking 0.3-to 0.5-mm thick longitudinal sections through the pulvinus. Cells in these preparation also showed vigorous cytoplasmic streaming, but it is significant that sections were more likely to show amyloplast sedimentation following gravistimulation (Fig. 2, D To determine the reliability of our confocal ratiometric imaging system, we measured pHc with SNARF-1 in non-gravistimulated file cells and tissue slices, observing both bundle sheath and parenchyma cells, and determined whether these cells responded to known stimuli in the normal way. Ratios of the two emission intensities (620-670 nm/550-600 , 1991, 1992) . However, the cells appeared healthy, showing normal intracellular particle movement, and could react to weak acid and other treatments with similar ratio shifts as those cells whose calibrations reported a resting pHc around 7. Thus, results are presented in this paper as changes in ratio rather than changes in pHc, with an increase in ratio reflecting alkalinization and a decrease in ratio reflecting acidification. Adjustments in the photomultiplier settings for the two emission windows led mainly to a parallel ratio shift in the calibration curve and only had a small effect on the slope of the pH dependence (Fig. 3) . Therefore, the change in ratio obtained from data sets with different starting ratios can be compared even though the pH dependence is not linear. It should, however, be noted that the bulk of the data were obtained within a more narrow range of photomultiplier adjustments than those depicted in Figure 3 .
In vivo calibrations with nigericin in the presence of high K+ (Vercesi et al., 1994) are not reported in this paper because such experiments did not lead to sustained ratio changes and required complex solution changing that could not be performed for the majority of measurements that were made with a sideways-mounted microscope.
To test whether SNARF-1 AM can be used reliably to monitor pHc changes in maize pulvinal cells, a range of conditions were applied that are known to increase or decrease pH, in a large variety of plant Although the data shown in Figure 4 relate to inducible pHc changes in bundle sheath cells from tissue slices, we observed similar changes in the emission ratio in isolated files of bundle sheath cells (Fig. 5A) , and in parenchyma cells in both slices and isolated files (data not shown).
Gravistimulation Experiments Demonstrate pHc Changes in Bundle Sheath Cells
Protocols for isolation of bundle sheath cell files were developed because these cells provide a much more favorable system for high resolution imaging than pulvinal slices. Although it was possible to measure pH changes in this system in response to pro- pionic acid (Fig. 5A) , gravistimulation never led to any visible change in the ratio (Fig. 5B) . Because plastid sedimentation was only rarely retained in isolated cell files, it might be argued that the lengthy isolation and dye loading procedure, the potential for cytoskeletal reorganization, or the loss of cell wall material and cell positioning information, led to disruption in cell function that might have affected early steps in the signaling cascade. In longitudinal stem sections that were loaded with SNARF-1 AM, rotation by 90? resulted in significant ratio changes, indicative of pH, changes, in cells that contained sedimentable amyloplasts, as depicted in Figure 6 , B and C, and summarized in Table I . Parenchyma cells that lack amyloplasts provided an ideal control for these experiments because they did not exhibit any notable change in the emission ratio after turning (Fig. 6A) either at the base of the cell or at the side of the cell (Table I) . In bundle sheath cells that showed amyloplast sedimentation, cytoplasmic regions at the sides of the cells often responded with a drop in ratio (acidification), whereas regions at the base of cells showed a rise in ratio (alkalinization; Figs. 6B and 7) . When cytoplasmic areas of whole cells were measured, the acidification often prevailed. In about 12% of cases, a transient alkalinization was followed by an acidification at the sides of cells but not at the base (Fig. 6C) . Rotation by 3600 (no gravistimulation) did not elicit any significant changes in the pHc of bundle sheath cells, suggesting that touch responses that might occur during rotation do not contribute to the ratio change (Fig. 6D) .
In contrast to these observations of changes in pHc Table I ).
In Table I , the rate of ratio change after rotation was compared statistically (Student's t test for two independent samples) for data sets obtained from side and base regions of parenchyma cells, and bundle sheath cells with and without plastid sedimentation. Bundle sheath cells showed a significantly different response than parenchyma cells (control), except for base regions of bundle sheath cells not exhibiting plastid sedimentation, which responded in a manner similar to the control. When cells with and without plastid sedimentation were compared the responses measured in the base regions were significantly different (95% confidence interval) between the two data sets, whereas those measured at the sides of the cells were different at the 90% confidence interval. Bundle sheath cells that were rotated 360? did not exhibit significant ratio changes (Fig. 6D ) and their response was significantly different from bundle sheath cells that were rotated 900. ., 1982) . The result of this dye accumulation is frequent signal saturation from amyloplasts under the conditions used for our experiments. To minimize errors in the pHc measurements arising from SNARF-1 AM-loaded amyloplasts, we used the following precautions. If possible, cytoplasmic regions free of amyloplasts were selected for measurement, and a thresholding method was used to determine the emission ratio eliminating most of the amyloplast-derived signal.
Quantification of Changes in the Emission Ratio
Because in vitro calibrations did not report reliable pHc values, it was difficult to quantify the observed ratio changes. However, taking into account measurements that reported normal pHc values when compared with in vitro calibration, and by comparing our results obtained with weak acids and external pH changes with those obtained by other investigators, we can estimate the range within which the 
Amyloplast Redistribution following Gravistimulation Induces pHc Changes
We argue that the observed changes in emission ratio seen following gravistimulation indicate that pH, changes are a genuine consequence of amyloplast relocation following gravistimulation. Although measurement errors cannot be excluded, we base this contention on the following observations. Bundle sheath and parenchyma cells in both tissue slices and isolated files respond similarly to propionic acid and IAA, yet ratio changes following turning were only seen in bundle sheath cells in tissue slices. Furthermore, gravity-induced changes strongly correlated with amyloplast sedimentation. In 25% of bundle sheath cells exhibiting amyloplast sedimentation, no change in ratio was observed although other cells within the same preparation did show a response. This indicates that sedimentation per se does not change the emission ratio. In cells that did respond to gravistimulation, the ratio change persisted over the measuring period after most plastids had settled to the bottom of the cell. Again, this supports our view that the measured ratio changes reflect pHc changes induced by gravity.
Gravity-Induced pHc Changes: An Early Step in Gravity Perception?
The present investigation shows that gravity induces pHc changes in the amyloplast-containing bundle sheath cells of the maize pulvinus, indicating that pHc changes might have a generally important role in early gravity-induced signaling. Average ratio changes evoked in bundle sheath cells (with plastid sedimentation) within 30 min following rotation were about Ar = 0.06 (alkalinization) in bottom regions and Ar = -0.15 (acidification) in side regions (see Table I For gravity experiments, welled slides were sealed with a coverslip using melted valap (vaseline:lanolin:paraffin, 1:1:1, w/w), whereas for perfusion experiments, the slide well (approximate volume 0.3 mL) was left open on two sides and had a small reservoir on each side. This allowed rapid media exchange using filter paper.
Unless otherwise stated, chemicals were obtained from Sigma Chemical Co. (St. Louis) and fluorescent dyes were obtained from Molecular Probes Inc. (Eugene, OR).
Confocal Imaging and Ratiometric pH Measurements
Experiments were conducted with a confocal microscope system (Leica SP, Leica). The ratiometric pH indicator SNARF-1 AM was excited with an argon laser at 514 nm, and fluorescence emission windows were set to 550 to 600 nm (peak of acidic form) and 620 to 670 nm (peak of basic form). These wavelengths avoided autofluorescence from the amyloplasts present within the bundle sheath cells. Concurrent differential interference contrast images were also recorded. Images were acquired with a 20X numerical aperture 0.6 dry objective at 5-to 10-s intervals for up to 40 min. Ratiometric image analysis was performed with Metafluor 4.01 software (Universal Imaging) with cytoplasmic regions marked and thresholds set at 3 and 253 (8-bit image). Ratios are given as emission intensity at 620 to 670 nm divided by emission intensity at 550 to 600 nm. In vitro calibrations were carried out with 50 gM SNARF-1 dextran (10 kD) in 100 mm KCl, 1 mm ATP, 1 mM MgCl2, and 10 mm HEPES [4-(2-hydroxyethyl)-1-piperazineethanesulfonic acid]/Tris adjusted to pH 6.0, 6.5, 7.0, 7.5, and 8.0 (Bibikova et al., 1998).
For gravity experiments, the confocal unit was attached to an "upright" microscope (Leica model DMRX-A) that was mounted sideways in a cradle to give a horizontal light path. Specimens were mounted on a rotating stage and kept in an upright position for at least 30 min before the start of an experiment. Specimens were gravistimulated by rotating the stage, and imaged with centerable lenses adjusted to give a constant field of view as the stage rotated. Images were recorded before and after gravistimulation, but images taken during and directly after rotation were often blurred and could not be used for ratio analysis, resulting in gaps in the recording of between 25 and 180 s.
Perfusion experiments were performed in the horizontal position on an inverted microscope (Leica model DM-IRB) to facilitate solution changes.
Data Analysis
Emission ratios were routinely measured at the sides and base of the turned cells. Throughout the manuscript, the terms "side" and "base" of cells refers to their position after rotation. Average ratio values were compiled from three to nine independent data sets (if not indicated otherwise) and are presented as average values ? SE (n = no. of cells or regions measured). The rate of change in the ratio after gravistimulation was determined using linear regression and a least-square fit. Data sets obtained for different cell regions/types were compared statistically using Student's t test for independent samples.
